The initial site of infection in the fish host for Tetracapsula bryosalmonae, causative agent of proliferative kidney disease (PKD) is poorly understood. Following the recent recognition that freshwater bryozoans harbour the infective stages to salmonid fish, experimental transmission studies were undertaken to investigate (1) the route of entry of the parasite into the fish host and (2) the minimum exposure time required to induce clinical signs of PKD. In-situ hybridization (ISH) studies were carried out on naïve rainbow trout exposed to the naturally infected bryozoan Fredericella sultana for up to 90 min. The sporoplasm of T. bryosalmonae was detected entering the fish via mucous cells in the skin epithelium within the first minute of exposure. In addition, T. bryosalmonae cells were infrequently detected in the skeletal musculature of exposed experimental fish up to 72 h post-exposure. The route of migration through the fish to the kidney and spleen was not determined. All fish exposed to infected, disrupted bryozoans for 10, 30 and 90 min and maintained for up to 8 weeks developed clinical PKD.
Introduction
Proliferative kidney disease (PKD) of salmonids is caused by the degenerate metazoan parasite Tetracapsula bryosalmonae (Canning, Curry, Feist, Longshaw & Okamura 1999 ). Anderson, Canning & Okamura (1999) and demonstrated by polymerase chain reaction (PCR) and sequencing of the 18S ribosomal DNA (rDNA) that the parasite utilizes bryozoans as an alternate host. Subsequently, induced PKD in naïve rainbow trout, Oncorhynchus mykiss (Walbaum), exposed for 90 min to the phylactolaemate bryozoan Fredericella sultana harbouring T. bryosalmonae developmental stages and spores. The authors confirmed parasite transmission by observation of T. bryosalmonae cells in histological sections and by PCR as well as clinical signs of the disease. A number of techniques to visualize and characterize the parasite in the fish host and in potential alternate hosts have been developed. These include the use of lectins (Marin de Mateo, Adams, Richards, Castagnaro & Hedrick 1993) , monoclonal antibodies (Adams, Richards & Marin de Mateo 1992) , PCR and sequencing of the 18S rDNA (Kent, Khattra, Hervio & Devlin 1998; Saulnier & de Kinkelin 1997) . Most recently Morris, Adams & Richards (1999) have developed in-situ hybridisation (ISH) methods for the detection of T. bryosalmonae. ISH has also been developed and utilized to track infections of Myxobolus cerebralis, the agent of whirling disease in salmonid fish, from the site of infection to the cranial cartilage, the main site of M. cerebralis sporogony (Antonio, Andree, McDowell & Hedrick 1998 ). These authors showed that the skin and gills were the portals of entry with subsequent migration of the parasite via the peripheral nervous system to the cartilage. Similarly, Morris, Adams & Richards (2000) provided evidence that T. bryosalmonae utilizes the gill as a portal of entry into the fish host. However, routes of infection to other tissues were not confirmed and a haematogenous spread appears the most likely mechanism for the dissemination of the parasite (Fernández-de-Luco, Peribáñez, García & Castillo 1997) . The aims of the current study were to extend the results of Feist et al. (2001) on the transmission of the bryozoan stage of T. bryosalmonae to rainbow trout, to determine the minimum length of exposure required to induce PKD in fish and to provide preliminary data on T. bryosalmonae migration within the fish host.
Materials and methods

Experimental exposure and sampling
Naïve susceptible rainbow trout were reared from eggs under quarantine conditions at CEFAS Weymouth to an average weight of between 2 and 4 g. Colonies of naturally infected F. sultana were collected from the inlet channel to a PKD enzootic rainbow trout farm in the south of England in September 2000 and returned to the laboratory in river water in plastic containers. Sub-samples of the bryozoan colonies were examined for the presence of typical T. bryosalmonae sacs. Immediately prior to the experimental trials, the bryozoans were coarsely homogenized in 100 mL of deionized water and diluted in 10 L of water in a tank with aeration at 16°C. A total of 99 trout were added to the tank. Sub-samples of four fish (two for histology and two for scanning electron microscope studies) were taken at 1, 2, 5, 10, 30 and 90 min postexposure. Subsequently, a batch of 15 fish were transferred to clean, aerated flow-through water and sub-samples of five fish each were sampled for histology at 24, 48 and 72 h post-exposure. The remaining fish, in batches of 20 fish each, were removed after 10, 30 and 90 min exposure and transferred to separate tanks with aerated flowthrough water and maintained at 16°C for up to 8 weeks. Two fish from each of these batches were sampled every 2 weeks for histology and PCR to detect T. bryosalmonae DNA sequences and monitored for clinical signs of PKD. All fish were killed by over-dose of the anaesthetic MS222 followed by severance of the spinal column. The visceral cavity of the fish was opened to allow penetration of the fixative and whole fish were preserved in neutral buffered formalin (NBF) for histological studies and in 2.5% glutaraldehyde in 0.1 m sodium cacodylate buffer for SEM studies. Fish were fixed in NBF for a minimum of 24 h then transferred to 70% industrial methylated spirits (IMS) and subsequently de-calcified for 2-4 days in 10% formic acid. Transverse steaks approximately 5 mm thick were taken along the length of the fish and these were processed to wax blocks using standard protocols. Tissue sections were cut at approximately 4 lm and floated onto either glass slides and stained with haematoxylin and eosin (H & E) or onto Vectabond reagent (Vector) treated slides for ISH studies.
In-situ hybridization
Kidneys from fish known to be infected with T. bryosalmonae were used to provide template DNA for the PCR reactions. Samples were fixed in 100% ethanol and prior to DNA extractions were washed twice in TE buffer then soaked for 1 h in fresh TE buffer. DNA was extracted using a standard SDS/proteinase K extraction followed by a phenol/chloroform/isoamyl alcohol extraction and ethanol precipitation. The digoxigenin-labelled probes were produced by amplification of plasmid DNA using a single round PCR in standard 100 lL reactions containing reaction buffer IV (AB gene, UK, Epsom, UK), 2.5 mm MgCl 2 , 500 ng of each forward and reverse primer, 5 U Red-Hot DNA polymerase (AB gene, UK, Epsom, UK), 10 lL of PCR-Dig labelling mix (Roche Diagnostics Ltd, Lewes, UK) and 50-100 ng lL À1 template plasmid DNA. The T. bryosalmonae specific primers were PKX5F (5¢-CCTATTCAATTGAGTAGGAGA-3¢) and PKX6R (5¢-GGACCTTACTCGTTTCCGACC-3¢) of Kent et al. (1998) . Positive controls to confirm the performance of the PCR reaction were included in standard 100 lL reactions. These last were prepared as above except that the PCR-Dig labelling mix was replaced by non-labelled dNTPs (0.25 mm each). Three negative controls in standard 100 lL PCR reactions were also utilized as above but the template DNA was replaced with DNAse/RNAse free water and the PCR-Dig labelling mix was replaced by non-labelled dNTPs in two of the negative controls. The PCR was run for 35 cycles of 1 min denaturation at 95°C, followed by 1 min annealing at 55°C, followed by 1 min elongation at 72°C. This was ended with a 10-min elongation step at 72°C. About 2 lL of PCR products were visualized under UV light after electrophoresis in a 2% agarose gel and remaining probe stored at À20°C until required.
Tissue sections prepared on Vectabond reagent treated slides (Vector Laboratories Ltd, Peterborough, UK) were allowed to dry at 60°C for 24 h and stored at 4°C until required. Slides were dried at 60°C overnight prior to the ISH and sections de-waxed in Clearene (Surgipath Europe Ltd, Peterborough, UK) for 2 · 5 min, followed by 100% IMS for 2 · 5 min. Sections were then airdried and target DNA and RNA in tissues unmasked by proteinase K. A hybridization mix (25% formamide, 2· SSC), consisting of 60 lL of probe or control and 60 lL of hybridization buffer was added to each slide, contained by a Gene Frame (Advanced Biotechnologies, Epsom, UK). Target DNA and RNA present in the tissue sections and probe were denatured at the same time by incubating the slides for 5 min at 95°C and rapidly cooling down on ice. Sections were then hybridized overnight at 42°C. A stringency wash in 1· SSC, 0.2% bovine serum albumin and DEPC treated distilled water was carried out at 42°C for 10 min after hybridization. Tissue sections were then blocked in 6% skimmed milk at room temperature for 1 h. Specific probe binding in tissue sections was visualized by means of a sandwich of an anti-digoxigenin antibody (Boehringer Mannheim, GmBH, Mannheim, Germany) and an alkaline phosphatase conjugate antibody (Sigma Chemicals Ltd, Poole, UK) revealed by BCIP/NBT (Vector Laboratories Ltd, Peterborough, UK), substrate of the alkaline phosphatase. Slides were counterstained using 0.5% Bismarck Brown Y (Sigma Chemicals Ltd, Poole, UK) for 10 s, washed well in deionized water, dehydrated, cleared and mounted in Eukitt resin (BDH-Merck, Poole, UK). Stained sections were examined using a Nikon Eclipse E800 (Nikon UK Ltd) microscope and representative images were captured using the Lucia Screen Measurement software (Nikon UK Ltd).
Results
Results are summarized in Tables 1 and 2 . Following short-term exposure up to 10 cells per fish, which stained positive for T. bryosalmonae by ISH, were detected in the epithelial mucous cells of the skin in fish exposed to disrupted bryozoans (Fig. 1) . In one fish sampled at 90 min post-exposure, a single T. bryosalmonae cell was visualized in the gill epithelium. Parasite cells were visualized in tissue sections of all fish exposed to bryozoans with the exception of one fish sampled at 10 min in which the parasite was not detected by ISH. In one fish sampled at 1 min post-exposure, a single T. bryosalmonae cell was observed in an apparently intercellular location within the uppermost layer of the epidermis adjacent to a mucous cell (Fig. 2) . In another fish sampled after 5 min exposure, a single T. bryosalmonae cell was seen in amongst the basal cells of the epidermis. All T. bryosalmonae cells in the mucous cells of the fish were spherical and measured approximately 9 ± 1 lm. Multicellular T. bryosalmonae cells morphologically indistinguishable from the extrasporogonic forms described from the kidney (previously designated PKX) were detected in the skeletal muscle of one of each fish sampled at 90 min, 24, 48 and 72 h post-exposure.
All fish examined in weeks 6 and 8 post-challenge showed typical clinical signs of the disease including mild to moderate nephromegaly. In fish that were Figure 2 Tetracapsula bryosalmonae sporoplasm cell adjacent to a mucous cell in the skin epithelium of a rainbow trout 1 min post-exposure to infected bryozoans. Figure 1 Staining of a Tetracapsula bryosalmonae sporoplasm cell by the in-situ hybridization technique within a mucous cell of the skin epithelium of rainbow trout after 1-min exposure to T. bryosalmonae infected Fredericella sultana.
exposed to disrupted bryozoans for 10, 30 and 90 min, T. bryosalmonae cells were first detected 4 weeks post-exposure in the kidney and spleen (Table 2 ). In the fish initially exposed for 10 min to disrupted bryozoans, parasites were detected in gill, kidney, spleen and heart after 6 weeks and additionally in the liver after 8 weeks. In fish exposed to bryozoans for 30 min, parasites were detected in kidney, spleen and heart after 4 weeks and additionally in the gill and liver after 6 weeks. In fish exposed to bryozoans for 90 min, parasites were detected in kidney, spleen and liver after 6 weeks and additionally in the gill after 8 weeks. No T. bryosalmonae spores were detected in the skin or musculature of any fish sampled in weeks 2, 4, 6 and 8 post-challenge.
Discussion
The results of the current study confirm those of Feist et al. (2001) who demonstrated experimentally that bryozoans were an alternate host for T. bryosalmonae. In the present study, fish exposed to infected bryozoans for 10, 30 and 90 min and then maintained for up to 8 weeks became infected with T. bryosalmonae and developed clinical signs of PKD. The results indicate that fish exposed to the parasite for as little as 10 min may develop the disease. Additionally, infective stages could be detected in the fish after only 1 min exposure to disrupted bryozoans. As fish exposed to the parasite for <10 min were killed, it was not possible to confirm that these fish would have developed clinical PKD. It is well recognized that extrasporogonic T. bryosalmonae stages rapidly proliferate within the fish host (Hedrick, MacConnell & de Kinkelin 1993) . It follows that exposure to a low parasite dose for as little as 1 min could induce clinical PKD. In this study, T. bryosalmonae sacs were not seen within or naturally released from F. sultana zooids despite careful searching. As the fish became infected, it is reasonable to conclude that infective stages of T. bryosalmonae were present in only low numbers and that when released from the bryozoan host they were highly effective at locating and infecting fish. Whether all the infective stages invaded the fish within the first few minutes of exposure was not determined in this study. Spore stages of the two described species of Tetracapsula are approximately 20 lm in diameter and contain two sporoplasms each measuring approximately 10 lm in diameter. The cells visualized in tissue sections in this study were approximately 9 lm, slightly larger than those reported by Morris et al. (2000) and most probably represent sporoplasm cells of T. bryosalmonae. Canning, Curry, Feist, Longshaw & Okamura (2000) suggested that autogamous fusion of the sporoplasm cells may occur in the epidermis of the fish. Morris et al. (2000) exposed rainbow trout to natural infections in PKD-enzootic water for 3 days and located T. bryosalmonae cells in the gills by using in-situ hybridization but did not detect further T. bryosalmonae cells until 10 days postexposure. These results, together with those of the current study suggest that T. bryosalmonae is nonspecific in its route of entry, utilizing both gills and skin as a portal. Both of these routes would facilitate the transport of the parasite to the kidney via the blood or lymphatic systems. Entry portals of actinospore stages of myxozoans have rarely been studied. Those of M. cerebralis enter the fish through all epithelial surfaces (El-Matbouli, Hoffman & Mandok 1995), whereas actinospores of M. cultus and M. arcticus enter fish via the fins and skin and Thelohanellus hovorkai enter fish via the gills (Yokoyama & Urawa 1997) . Using SEM, El-Matbouli, Hoffman, Schoel, McDowell & Hedrick (1999) demonstrated that the actinospore stage of M. cerebralis entered the fish via the epithelial surfaces of the skin, gills and buccal cavity through the mucous cells. In the current study, the use of the mucous cell as a specific portal of entry by the parasite has also been demonstrated. Although it is established that T. bryosalmonae spores from bryozoans are not actinospore stages and in fact belong to a different myxozoan class (Malacosporea) (Canning et al. 2000) , the behaviour of the spores and release of a sporoplasm into the mucous cell appears to be similar to that described for actinospores. Actinospore stages of myxozoans may require mechanical and/or chemical stimuli, such as are present in mucus in order to locate and attach to a host and to release the sporoplasm (El-Matbouli et al. 1999; Xiao & Desser 2000) . Whilst some actinospores may take a few minutes to respond to fish mucus, others such as Raabeia B of Xiao & Desser (1998a) and the Aurantiactinomyxon form of Xiao & Desser (1998b) instantaneously release their sporoplasms in response to fish mucus (Xiao & Desser 2000) . The presence of T. bryosalmonae cells within the mucous cells of the skin epithelium after 1 min exposure suggests that the location of host attachment and penetration by the parasite is Journal of Fish Diseases 2002, 25, 443-449 rapid. Entry via the mucous cells may be beneficial to the parasite as it provides easy access into the fish through the mucous cell pore. Host recognition factors and the reasons for the apparent unsuitability of various epithelial surfaces as routes of entry by the infective stages of these parasites require further study. The utilization of specific techniques such as in-situ hybridization and other cytochemical tests may assist in determining the chemical cues within the mucus that the parasite responds to.
Although no parasites were detected directly within veins or arteries, they were occasionally visualized by in-situ hybridization within the skeletal muscle in fish sampled up to 72 h postexposure. It is possible that these parasites may have been within capillaries associated with the muscle. These parasites were multicellular and appeared to be similar to the extrasporogonic forms usually observed in the kidney of fish with clinical PKD. The lack of any obvious inflammatory response may be expected since during the early pre-clinical phase of the infection the host has yet to mount an effective cellular response to the parasite. This contrasts with the marked chronic inflammatory and granulomatous response reported during the recovery phase of PKD by Fernández-de-Luco et al. (1997) . Understanding the mechanisms by which the parasite apparently evades the host immune response and macrophages within the first 72 h of infection will be crucial in the development of vaccines and targeted chemotherapeutants to combat the disease. The role, if any, of the sporoplasmosomes in parasite protection or presentation of antigens to the host immune system has yet to be elucidated but may assist in understanding the mode of avoidance of the host immune system by the parasite.
A typical management strategy employed by fish farmers to minimize the impact of the disease and induce immunity in farmed fish is to maintain naïve salmonids at sites known to be free of PKD through the summer months. When the water temperatures begin to decrease in the autumn, these fish are transferred to PKD-enzootic farms and become infected with T. bryosalmonae. However, they generally only develop sub-clinical infections. The presence of the surviving colonies of F. sultana at PKD enzootic sites throughout the winter and development of PKD in fish transferred to higher temperatures after exposure to water from a river in France through the winter months has previously been demonstrated (Okamura, Anderson, Longshaw, Feist & Canning 2001) . The development of PKD in fish exposed to bryozoans in September in the current study confirms that water temperature is a major factor affecting the development of clinical PKD.
To date successful transmission of T. bryosalmonae from bryozoans to fish has only been achieved by exposure to naturally infected bryozoans. Isolated T. bryosalmonae parasites have not been obtained in sufficient numbers to undertake detailed studies to investigate behaviour of parasites outside the bryozoan host. A laboratory based culture system similar to that developed by El-Matbouli et al. (1999) and other workers for Myxobolus cerebralis is required to assist in targeted and controlled studies to understand the mode of action of potential chemotherapeutants and vaccines to combat the disease in farmed fish.
